Failure of axonal regeneration following injury in the adult mammalian CNS remains incompletely understood. Because many types of CNS neuron are able to regenerate injured axons into segments of grafted peripheral nerve (e.g., Aguayo, 1985) we know that this failure is not necessarily due to an intrinsic incapacity for regenerative growth, but may be due to the environment of the injured axon. It is, however, clear, that in the presence of a peripheral nerve graft, some CNS neurons display a much greater regenerative propensity than others (Aguayo, 1985; Benfey et al., 1985; Morrow et al., 1993) raising the possibility that CNS neurons may differ in their intrinsic capacity to mount a regenerative response and/or may vary in their ability to respond to factors present in peripheral nerve grafts (Fawcett, 1992) .
Here we focus on the growth associated protein GAP-43 which is strongly expressed throughout the CNS and PNS during development (Neve et al., 1987; Chong et al., 1992) , but thereafter is expressed in significant amounts only in restricted parts of the nervous system (Kruger et al., 1993) . The indirect evidence for a role of GAP-43 in axon growth is substantial (Zuber et al., 1989, Baetge and Hammang, 1991; Shea et al., 1991; Jap et al., 1992) . Furthermore it is clear that during axon regeneration PNS neurons produce large amounts of GAP-43 (Skene and Willard, 1981a; Hoffman, 1989) whereas several early reports indicated that mammalian CNS neurons do not increase GAP-43 production after axotomy (Skene and Willard, 1981b; Skene, 1984) , focusing attention on the possibility that inability to upregulate GAP-43 might provide an explanation for the limited regenerative capacity of CNS neurons following axotomy. More recently, however, it has been shown that GAP-43 levels do increase in some axotomized CNS neurons, particularly if the lesion is close to the cell body (Doster et al., 1991; Tetzlaff et al., 1991) and in regenerating CNS axons around and within peripheral nerve grafts (Campbell et al., 199 1) . However, it is not known if thalamic neurons upregulate GAP-43 synthesis as a response to injury per se, or if the continuous presence of a graft is required to induce, enhance or sustain such a response. Moreover, it is not established if neurons with a high propensity to regenerate their axons along a peripheral nerve graft also have the ability to upregulate GAP-43 after lesion and/or in the presence of a peripheral nerve graft. We have therefore compared the levels of GAP-43 protein and mRNA in the thalamus of adult rats after a stab wound and after the implantation of segments of autologous sciatic nerve. We find that stab injury is itself a sufficient stimulus for a transient increase in GAP-43 in the thalamus around the lesion but this response is both enhanced and prolonged in the presence of a peripheral nerve graft. We also show that the GAP-43 gene is selectively upregulated in TRN neurons in the presence of a peripheral nerve graft.
Some of the results have been briefly reported previously (Campbell et al., 1992b; Vaudano et al., 1992a Vaudano et al., ,b, 1993a . 
Materials and Methods
Animals. All the experimental procedures were carried out on adult female Sprague-Dawley rats (body weight 18@300 gm) deeply anesthetized with 2% halothane (Fluothane, ICI, UK). Surgical procedures. For all procedures the animals were secured in a stereotaxic frame. For the stab wound lesions a craniotomy and incision in the dura were made, and a metal needle (gauge 26) was pushed vertically into the brain to a depth of 7 mm from the surface, ic4.5 mm caudal and 2.5-3.0 mm lateral to bregma. The needle was inserted and retracted three to five times along a single dorsoventral track to create an extensive mechanical lesion in the left caudolateral thalamus.
For the grafting experiments, the tibia1 branch of the sciatic nerve was exposed in the right thigh and a segment of nerve 1.5-2 cm in length was excised. Using a fine glass micropipette the proximal end of the nerve segment was pushed vertically into the left thalamus, at the same coordinates and to the same depth as for the stab wounds. The graft was secured to the dura by a single 10/O suture and its distal end was left free beneath the scalp.
Immunocyfochemistry. After survival times between 4 and 180 d post operation (dpo) (see Tables 3 and 4 ) animals were overdosed with Sagatal (l&1.5 ml/kg, i.p.; RhBne Merieux Ltd., UK) and then perfused with fixative solutions through the left cardiac ventricle.
For light microscopy the animals were perfused with 20&300 ml of normal saline followed by 500 ml of 4% paraformaldehyde in 0.1 M phosphate buffer, at room temperature. The brains were removed and kept in 30% sucrose in 0.1 M phosphate buffer at 4°C until they sank. Sections were cut on a sliding freezing microtome at a nominal thickness of 40 pm and were collected in 0.1 M phosphate buffer. After incubation for 1 hr in blocking solution (2% normal horse serum, 0.5% bovine serum albumin, 0.05% Triton X-100 in phosphate-buffered saline) the sections were reacted for 48 hr at 4°C with a monoclonal antibody, 9-lE12, which recognizes all forms of GAP-43 (Schreyer and Skene, 1991) , diluted 1:25000-l :30000 in blocking solution. The reaction product was visualized using the avidinbiotin-peroxidase procedure (Elite ABC kit, Vector Laboratories, Oregon). Control sections were incubated with blocking solution, or with normal mouse serum (at dilutions of 1:2500&1:30000) in place of the primary antibody. The sections were finally mounted on subbed slides, air dried, cleared, and placed under a coverslip.
For electron microscopy four animals with stab wound lesions at 7-12 dpo and six animals with autografts at 7-21 dpo were perfused with 0.1 M phosphate buffer rinse (100 ml) followed by a mixture of 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer (500 ml), at room temperature. The brains were removed and cut coronally at 50-100p.m on a Vibroslice. After incubation for 1 hr in blocking serum (without Triton X-100), the sections were reacted as above except that the primary antibody was used at a dilution of 1:30000-60,000. Following the immunoreaction, the sections were rinsed in 0.1 M sodium cacodylate buffer (pH 7.4), osmicated (1% 0~0, in 0.1 M sodium cacodylate buffer for 45 min), contrasted in buffered uranyl acetate (2% for 30 mins), dehydrated and embedded in Araldite. Ultrathin sections were cut on a Reichert Ultracut ultramicrotome and were viewed, without further staining, in a Jeol 1010 electron microscope.
In situ hybridization histochemistry. After survival times of between 1 and 30 dpo (see Tables I and 2 ) animals were terminally reanesthetized either by overdose with ether or with 2% halothane, and decapitated; the brain was removed and rapidly frozen on dry ice; sections were cut at 12-20 pm in a cryostat and postfixed in cold (4°C) 4% paraformaldehyde in phosphate buffered saline, dehydrated through a graded series of alcohols and delipidated in chloroform.
For radioactive in situ hybridization we used a 48mer oligodeoxynucleotide with a nucleotide sequence complementary to that of nucleotides 106-153 of rat GAP-43 cDNA (Basi et al., 1987) kindly provided by Dr S. P Hunt (MRC Laboratory of Molecular Biology, Cambridge, UK). The probe was 3'-end-labeled with ?S-dATP (1200 Ci/mmol, New England Nuclear-Du Pont) using terminal deoxynucleotide transferase (Pharmacia). Hybridization was carried out overnight in 50% formamide in 4 X standard saline citrate (SSC), 10% dextran sulfate, and 5 mglml polyadenylic acid, 120 mg/ml heparin, 4 mg/ml acid/alkali cleaved salmon sperm DNA, 0.5 M sodium phosphate, and 0.1 M sodium pyrophosphate at 42°C with probe added at 1 pg/ml. Sections were washed at 55°C in 1 X SSC and were exposed to Kodak XAR-5 film at room temperature for 2 d before being dipped in Ilford K-5 emulsion (diluted I:1 in 0.5% glycerol) and exposed at 4°C for 10 d. Sections were developed with Kodak D19, fixed with 30% sodium thiophosphate, counterstained with 1% thionin, cleared, and mounted under a Numbers illustrate the approximate level of each section according to the stereotaxic atlas of Paxinos and Watson (1986) . Note that both lesion and graft induce GAP-43 upregulation but that the graft induces a much larger number of neurons to display activity of the GAP-43 gene than the lesion. A, animal EV90; B, animal GC183. Sections 3.4 (A) and 5.2 (B) correspond approximately to the sections from which the micrographs in Figure 2 , A and B, respectively, were taken. For nonradioactive in situ hybridization we used an alkaline phosphatase linked 39-mer oligodeoxynucleotide corresponding to nucleotides 119-157 of rat GAP-43 cDNA (Basi et al., 1987) , kindly provided by Dr. F? C. Emson (AFRC, Babraham, UK). Sections were hybridized overnight at 37°C in 50% formamide in 4 X SSC, 10% dextran sulfate, 4 mg/ml acid/alkali cleaved salmon sperm DNA using a final concentration of probe of 4 fmollml. Sections were rinsed in I X SSC at 55°C and bound probe was visualized by the color reaction of alkaline phosphatase on the substrates nitroblue tetrazolium and BCIP (5-bromo-4-chloro-3-indolyl-phosphate).
Sections were then mounted under a coverslip. Control sections hybridized without the probe did not produce any detectable staining. t Figure 2 . Light micrographs showing a few neurons (small arrows) expressing high levels of GAP-43 mRNA in the media1 geniculate nucleus (MC) adjacent to a stab lesion (the asterisk indicates an area of vacuolization and disruption which marks the site of the lesion; A) and in the thalamic reticular nucleus (TRN) close to a graft (the tip of which is indicated by the large arrows; B). In both cases the animal was killed 5 d after making the lesion or inserting the graft, and alkaline phosphatase probes were used. h, hippocampus; VB, ventrobasal nucleus. A, animal EV90; B, animal GC183. Scale bar: A, 200 pm; B, 100 km. . Many TRN neurons on the side of the lesion are heavily labeled (e.g., at arrows) demonstrating the upregulation by these neurons of GAP-43 mRNA. Some of the labeled neurons are shown at higher magnification in D (arrows); note that smaller, presumably glial cells are unlabeled. It is noteworthy that many neurons of the dorsal thalamus, basal nucleus of Meynert (open arrow), hippocampus (h), and the cerebral cortex (C) on both sides of the brain express GAP-43 mRNA. However, the TRN contralateral to the lesion (outlined by urrowheuds in A) is entirely devoid of label. C (magnification as in D) shows part of the TRN on the same side as the lesion, in a section processed with cold probe. Sections counterstained with thionin. Animal EV124. Scale bars: A and B, 500 pm; C and D, 10 pm. Double-labeling experiments. Three rats were implanted with tibia1 with ether 2-3 d later and the brains rapidly removed and frozen in dry nerve autografts (as described above). After 1.5-2 months they were ice. Alternate cryostat sections, cut at 12 pm, were mounted on two anesthetized with halothane and a mixture of 0.2 r~.l cholera toxin subsets of slides and fixed for 5 min in 4% paraformaldehyde. One set of unit B conjugated to horseradish peroxidase (CT-HRP, List Biological Labs. California) and 0.1 LLI of wheat germ agalutinin coniugated to HRP (WGA-HRP Sigma) in about 0.3 ;I of sr&ile water was slowly injected with a micropipette-tipped 5 p,l Hamilton syringe into the exposed graft about 2-3 mm from the craniotomy. The rats were killed sections was processed for the tetramethylbenzidine technique of Mesulam (1978) to reveal the HRP reaction product, and counterstained with thionine before mounting with a coverslip, the other set of sections was dehydrated and processed for radioactive in situ hybridization using the same GAP-43 probe and method as described above. 
Results
In situ hybridization GAP-43 mRNA expression in the intact thalarnus
We examined the distribution of GAP-43 mRNA in the thalamus of two normal unoperated adult rats, in one case using the alkaline phosphatase (AP) conjugated probe, and in the other the radiolabeled probe (RL). The findings were similar in both animals and were similar to those reported recently by Kruger et al. (1993) and Yao et al. (1993) . GAP-43 mRNA was expressed at low to moderate levels in all dorsal thalamic nuclei. However, the TRN showed only background labeling. Dorsal thalamic nuclei contralateral to a stab wound or a graft showed labeling patterns closely comparable to those found in the control animals (see Fig. 3A ). With both probes, signal appeared to be associated exclusively with neurons.
Expression of GAP-43 mRNA in the thalamus adjacent to a stab wound
We examined five animals at survival times between 5 and 30 dpo using the AP labeled probe, and four animals at 1, 2, 6, and 12 dpo with the RL probe (Table 1) . We obtained comparable results with the two methods. At 1 and 2 dpo we did not observe upregulation of GAP-43 in the thalamus adjacent to the lesion. However, at 5 dpo (Figs. IA, 2A) and 6 dpo ( Fig. 3B ) sparse neuronal cell bodies showing increased expression of GAP-43 were found in an area up to a few hundred micrometers from the center of the lesion, in the lateral posterior nucleus (LP), posterior thalamic nucleus (PO), t anterior pretectum (APT), and the medial division of the medial geniculate nucleus (MG). Labeled neuronal perikarya were also apparent in the thalamic reticular nucleus (TRN), ipsilateral to the lesion and immediately adjacent and anterior to it (Figs. lA, 3B). The TRN contralateral to the lesion showed no labeling in any animal (Fig. 3A) . A few neurons expressing high levels of GAP-43 mRNA were also seen in the area immediately adjacent to the lesion in the 7 dpo animal (Table l) , although in this case labeled neurons were not seen in TRN. In all animals examined at survival times longer than 7 dpo, the expression of GAP-43 mRNA in the thalamus adjacent to the stab wound had returned to control levels. We never observed detectable levels of GAP-43 mRNA in cells with the morphology or distribution pattern of central glia (Fig. 30) .
Expression of GAP-43 mRNA in the thalamus adjacent to a graft We examined six animals at survival times between 5 and 30 dpo using the AP conjugated probe and two animals, one at 6 and the other at 12 dpo with the RL probe ( Table 2) . As in the previous series of animals the two methods produced similar results. In contrast to what was found after simple mechanical lesion, at all survival times, even the longest, we found neurons expressing high levels of GAP-43 mRNA in the thalamus ipsilateral to the graft (Figs. 1; 2B, 4A,D,F,H, 5; 6). Such neurons were not present in corresponding areas of the contralateral thalamus (Figs. 1, 4F , 5). The labeled cells were located either in the dorsal thalamic nuclei immediately adjacent to the graft tip or in the ipsilateral neurons (arrows) close to the graft and a cyst below the tip of the graft. The group illustrated by a double ~YYOW is shown at higher magnification in I. Note in F, H, and I that some cells in the grafts are also labeled. f, fimbria; h, hippocampus. A-C, Animal EV105; D and E, animal EV60; F and G, animal EVIOl; H and I, animal EV99. Scale bars: B, 10 km; C, 500 km for A, C, and F, D, 500 p,rn for D and H; E, 50 ym; G, 200 pm; I, 100 pm. . The number of neurons expressing high levels of GAP-43 mRNA in the adult rat diencephalon after implantation of a graft (0) or after a stab lesion (0) at different postoperative survival times. Note that the increase in numbers of neurons expressing GAP-43 mRNA after a stab wound is smaller and more transient than the increase after implantation of a peripheral nerve segment, following which significant numbers of neurons are still expressing GAP-43 mRNA more than 4 weeks after graft insertion. The distribution of the neurons upon which the figure is based is shown in Tables 1 and 2. Note that counts of labeled neurons were made only in in siru hybridization material processed with the alkaline phosphatase probe. t labeled probe (small dots) in the diencephalon of an adult rat (EV99) 30 d after implantation of a peripheral nerve graft (hatched areas). Representative sections are shown in a rostra1 (top) to caudal (bottom) sequence and in each section all labeled neurons have been drawn. Numbers to the left of each figure correspond to the approximate levels of the sections as given in the atlas of Paxinos and Watson (1986) . It is noteworthy that neurons labeled above background levels are not present in the cerebral cortex or hippocampus close to the graft as it traverses these structures. APT TRN (Figs. IB; 2B; 4A,B,D-I; 5). The position of the labeled cells in TRN varied according to the position of the graft tip in the thalamus, such that in the case of grafts ending in LP the labeled neurons were in dorsal TRN, while in case of grafts ending in the ventrobasal nucleus (VB) or in the most caudal thalamus, the GAP-43 mRNA positive cells were in the ventral and caudal TRN. Cells expressing high levels of GAP-43 mRNA in the dorsal thalamus were only present within a limited distance from the graft tip (maximum 300-400 pm), and the only nuclei in which we found labeled neurons up to a distance of 1.3 mm from the graft tip, were the TRN and, to a minor extent, the caudal part of the PO and adjacent medial division of the MG. The number of neurons expressing high levels of GAP-43 mRNA varied in the individual animals; however, at corresponding survival times we always found a larger number of GAP-43 mRNA positive neurons after peripheral nerve grafting than after simple me- C-E show GAP-43 labeled neuronal cell bodies (arrows in D) and a beaded axon (arrows, E) adjacent to a lesion in the posterior nucleus (PO) and zona incerta (21) (stippled ayea in camera lucida drawing in C). Boxed areas in C are shown in micrographs D and E; in the case of E the photomicrograph is rotated 90" with respect to the box in C, and ventral is to the left in E. F is a camera lucida drawing of a lesion (stippled urea) between the LGN (LG) and medial geniculate nucleus (MG) and intruding on both. The boxed region is illustrated by the photomicrograph in G which shows a GAP-43 labeled neuron (arrow) giving rise to three processes within the lesioned area.
LGv, ventral LGN. A and B, animal EV24; C-E, animal EV50; F and G, EV61. chanical lesion (Figs. 1, 6 ). Larger numbers were present in the animals examined at shorter sufvival times with a peak in the one animal examined at 17 dpo (Fig. 4F,G) , which was also the only animal in which the graft impinged directly on the TRN. However, we made cell counts (Table 2 ) only in the animals examined with the AP probe, since with the radiolabeled probe it was not possible to distinguish clearly individual neurons with high GAP-43 expression against the relatively high background level of GAP-43 expression present in all thalamic nuclei with the exception of TRN. At early survival times, up to 13 dpo, the graft itself contained negligible levels of GAP-43 mRNA, but at longer survival times it was labeled as the Schwann cells progressively expressed higher levels of GAP-43 mRNA (Fig. 4F,H,I ). As in the other experimental situations examined central glia did not appear to express detectable levels of GAP-43 mRNA.
Expression of GAP-43 mRNA in regenerating TRN neurons In two of the three rats used for this study, neurons retrogradely labeled with HRP were found in the TRN ipsilateral to the graft. In these same animals, sections immediately adjacent to those processed for HRP histochemistry and processed for GAP-43 in situ hybridization, showed the presence of neurons expressing high levels of GAP-43 mRNA in the TRN ipsilateral to the graft. There was a very close correspondence between the pattern of retrograde labeling and the pattern of GAP-43 mRNA expression. As illustrated in Figure 7 , A and B, a large number of neurons retrogradely labeled with CT-HRP/WGA-HRP was present in the dorsal part of the caudal TRN (Fig. 7B) ; in adjacent sections this part of the TRN also displayed heavy labeling for the presence of GAP-43 mRNA (Fig. 7A) . By comparing immediately adjacent sections at higher magnification it was possible to establish that not only was the retrograde labeling coextensive with the in situ labeling but that many individual neurons in the TRN, were heavily labeled with both retrogradely transported HRP conjugate (Fig. 7C) and with silver grains, indicating the presence of GAP-43 mRNA (Fig. 70) . These observations establish unambiguously that increased GAP-43 mRNA expression occurs in neurons whose axons have regenerated along the peripheral nerve graft. lmmunohistochemistry GAP-43 immunostaining in the thalamus of control adult rats In the two normal adult rats examined the thalamus appeared diffusely GAP-43 immunopositive. In agreement with a previous report (Benowitz et al., 1988) , based on data obtained with antibodies against GAP-43 different from the one used in the present study, immunostaining varied in intensity in the different nuclei; in particular there was only very weak staining in the TRN. At higher magnification the immunoproduct was associated with the neuropil and was granular in appearance. We found no evidence for cell body immunostaining in any part of the thalamus of normal control animals. 
GAP-43 immunostaining after stab wound lesion of the thalamus
We examined by light microscopy 15 animals which had received a single stab wound lesion in the left thalamus, with postoperative survival periods of 4-32 d (Table 3) , and two animals by electron microscopy at 7 and 11 dpo. Light microscopy. At survival times of 4-1.5 dpo a lesion 600-800 p,rn in radius, with a central cavity surrounded by disorganized vacuolized tissue was apparent (Fig. SA-C,F) ; this region was slightly more heavily immunostained than control tissue or the apparently normal neuropil around the lesion site (Fig.  SA,B) . In the single animal examined at 4 dpo, the immunoreaction was very weak, but showed the presence of a fey, faintly GAP-43 immunopositive cell bodies (l-5 per section up to 200 pm from the center of the lesion) located in the lesioned PO and APT. In addition in five out of the six animals examined at 7 dpo, and in one animal examined at 12 dpo, sparse, weakly GAP-43 positive cell bodies (Fig. SB,D ,G) (two to five per section, up to 100 p,rn from the center of the lesion) and thin beaded fibers (Fig. SE) , which are very likely to represent axonal sprouts, were apparent immediately adjacent to the margins of the central cavity. The labeled cell bodies were located in the damaged PO, APT, and rarely in the LP and LG, in the MG (especially in its medial division), in the VB, and in the zona incerta (ZI). However, labeled cell bodies were never found adjacent to lesions extending into the TRN.
The immunopositive cells were small, around 10 km in diameter, pyramidal to ovoid in shape and with uniform faint staining of the cytoplasm (Fig. SD,G) . Cells with a similar morphology or distribution were not found in adjacent sections immunostained for GFAP to reveal reactive astrocytes (data not shown), and we therefore consider these GAP-43 immunoreactive cells to be neuronal, although in only very few cells did the immunoreactivity extend into the dendrites or axon (Fig. 8G) .
We found no immunopositive cell bodies in the thalamus contralateral to the lesion, or in other brain areas either lesioned or intact. No cell body labeling was seen in control sections which had been incubated with blocking serum omitting the primary antibody, or containing, instead, normal mouse serum.
After survival times longer than 15 dpo, the lesion was inconspicuous and was seen either as a thin line of increased GAP-43 immunoreactivity, or as a cyst (or a series of small cysts) surrounded by a zone of tissue with slightly increased GAP-43 immunoreactivity.
Electron microscopy. In all four animals (7, 11, and 12 dpo) reaction product was seen in small nonmyelinated axons and in some small myelinated axons (see Fig. 1OA ) close to the cystic area produced by the lesion and in some small astrocytic processes.
In the contralateral thalamus and in the ipsilateral thalamus t
The Journal of Neuroscience, May 1995, S (5) 3605 distant from the lesion there was GAP-43 labeling of small numbers of nonmyelinated axons and small myelinated axons, and of a very few small dendritic and astrocytic processes. In the material processed with normal mouse serum instead of primary GAP-43 antibody, a few small astrocyte processes contained reaction product, suggesting that some astrocyte processes had labeled with the secondary antibody. However, sections processed with phosphate-buffered saline in place of the primary antibody showed no staining of any elements, suggesting that the normal mouse serum stained some astrocyte processes.
GAP-43 immunostaining after implantation of a peripheral nerve segment in the thalamus We examined by light microscopy 26 rats which had a segment of tibia1 nerve implanted in the left thalamus and which. had survived between 7 and 180 dpo (Table 4) , and 6 rats by electron microscopy at survival times between 7 and 21dpo. Light microscopy. The effect of implanting a peripheral nerve graft into the thalamus was to induce a more intense and prolonged increase in GAP-43 immunoreactivity than that observed after simple mechanical lesion.
Between 7 and 21 dpo increased levels of GAP-43 neuropil immunostaining were observed at the interface between brain and graft and to a lesser extent in the thalamic neuropil adjacent to the graft tip and up to a distance of 200-300 Frn from the graft border. A few GAP-43 positive sprouts were found at the brain-graft interface at 7 dpo (six animals), and in much larger numbers at 9 dpo (two animals) (Fig. 9A-G) . The sprouts were beaded and followed a tortuous pathway, some penetrating the graft directly (Fig. 9A-C) , whereas others remained at its periphery, and were occasionally observed to reverse direction at the brain-graft interface. Many sprouts were found deep within the graft at 9 dpo (arrowheads, Fig. 9C ) including some immunoreactive growth cone-like structures (Fig. 9G ). Sprouts were still present at the brain-graft interface at 12-20 dpo (six animals) but in smaller numbers, and were no longer visible at 21 dpo. Over the same period, an increasing number of GAP-43 positive axons was found inside the graft itself; however, due to the increasing immunostaining of Schwann cells in the graft (see EM results and Fig. 1 IA-C) , at survival times longer than 15 dpo it became extremely difficult to identify the immunopositive axons by light microscopy.
GAP-43 positive perikarya were found in the thalamus close to the graft tip and at the brain-graft interface in both animals examined at 9 dpo (Figs. 9B, lOD-F ) and, to a lesser extent at 12 dpo in one animal of two. In contrast to what was seen after stab wound we did not find evidence for GAP-43 immunopositive perikarya in any of the six animals examined at 7 dpo.
In one of the two 9 dpo animals the graft tip ended in the region of caudal thalamus between LP, VB, PO, and TRN and growth cone-like structure at the tip of one of the axons (arrowhead). Labeled somata are also seen in this figure (arrows in B) , some of which may give rise to immunoreactive axons. C, GAP-43 labeled axons within the graft (arrowheads) and apparently entering the graft from the PBZ and traversing the junctional zone (between the arrows). D-F, Heavily labeled neuronal somata (close to the tip of the arrow in D) at the medial border of the medial geniculate nucleus (MG) adjacent to the graft (*). The immunopositive cells are shown at higher magnification in E and are further enlarged in F. Note the moderate levels of GAP-43 immunoreactivity in the neuropil of the diencephalon and the much higher levels of staining close to the graft. and a small myelinated axon (double arrow) are clustered among astrocyte processes (a) one of which (a') is coated with the immunopositive neurons (2-10 per section) were concentrated at the brain-graft interface and in VB and PO up to a distance of 200-300 pm from the graft tip (Fig. 9B) . In the other 9 dpo animal the graft tip was located in the most caudal thalamus, between PO and the medial division of MG, and at the border with APT, and GAP-43 positive neurons were present in larger numbers (up to 40 cells per section) and spread over a wider area (up to 1 mm from the graft tip) (Fig. 9D-F) .
The immunopositive cells were concentrated ventral and lateral to the graft, in PO, APT, and the medial division of MG, as was also seen following stab wound lesions of this region. However, in the presence of a graft the neuronal perikarya were more numerous, more densely immunostained, and spread over a much larger area (see above) than after stab wounds. In addition while the immunopositive neurons found in these areas after stab wounds had a diameter of around 10 pm, the immunopositive neurons seen in the same areas, but adjacent to a graft, were larger, with diameters of 15-20 pm. As was the case in one of the 9 dpo animals, in the 12 dpo animal which showed GAP-43 immunopositive perikarya adjacent to the graft, the graft tip was in the most caudal thalamus. However, in the 12 dpo animal the immunopositive cells were present in much smaller numbers (l-4 per section) than in the 9 dpo animal, and in addition to being present in PO, APT, and in the medial division of MG, were also found in the substantia nigra (SN) (see Table 4 ).
At survival times longer than 21 dpo, in all animals examined the GAP-43 immunoreactivity of the thalamus had returned to control levels, and immunopositive cell bodies or sprouts were not apparent. In the animals examined between 21 dpn and 72 dpo the graft appeared densely and diffusely labeled with immunopositive axon and Schwann cell-like processes (Fig. 9H ). In the two animals examined 180 dpo the graft appeared to have lost some of its immunoreactivity.
The loss appeared to progress from the periphery towards the center of the graft, in parallel with the deposition of progressively larger amounts of collagen (Fig. 91) . In the central part of the graft, especially in its distal part, there were a few very thin and elongate immunopositive processes which we were unable to identify with confidence as either axons or thin Schwann cell processes (Fig. 9J) .
Electron microscopy.
At 7 dpo (n = 1; not illustrated) GAP-43 staining was seen within a few reactive neurites, small nonmyehnated and small myelinated axons, axon terminals, and some fine astrocyte processes. In the graft, small numbers of axons both within Schwann cell columns and outside them were immunopositive.
Also labeled were large putative growth cone profiles filled with clear vesicles of varying size. These tended to lie outside or at the periphery of Schwann cell columns, either adjacent to narrow fibroblast processes and endoneurial collagen or pressed against the outer membrane of Schwann cell processes. Other large nonmyelinated immunoreactive profiles, containing lysosome-like electron dense bodies, may have been degenerating.
No Schwann cell processes were labeled at this stage. At postgrafting survival times of 1 I and 12 dpo (n = 3) (Figs. lOB-D, 11 E,F) GAP-43 reaction product was evident in many profiles in the thalamic parenchyma immediately adjacent to the graft, predominantly in small to medium-sized nonmyehnated axons, where it tended to be diffusely spread throughout the cytoplasm or was present in patches often associated with microtubules and the outer mitochondrial membrane (Fig. 10B) . Some vesicle-filled axon terminals were also labeled as were a few small myelinated axons. Some reaction product was also seen in neuronal somata (Fig. 1OC) and in dendrites of different dimensions (Fig. 1OD) where it was either concentrated in small dense patches or was more diffusely spread throughout the cytoplasm. Many small astrocyte processes were also labeled, particularly very narrow sheet or finger-like processes (Fig. I 1 E, F) . Medium-sized astrocyte processes were lightly labeled (Fig.  11 E) , often throughout their cytoplasm, and sometimes had concentrations of dense reaction product in a thin rim under the plasma membrane. Sometimes reaction product was patchily distributed especially in the largest astrocyte processes and cell bodies. Astrocytes of the glia hmitans at the graft-brain interface and around blood vessels (Fig. 1 IF) were labeled in this way as were astrocytes which often partially enwrapped neuronal elements beneath the glia limitans.
In the graft small to medium-sized nonmyelinated axons both inside and outside Schwann cell columns (no myehnated axons were present within the graft at this survival time) were labeled in a similar manner to axons within the brain, although some were labeled relatively homogeneously throughout their cytoplasm. A few putative Schwann cell processes were also labeled. Such labeling was not common and involved only long narrow Schwann cell processes, which tended to have diffuse label throughout and intermittent patches of heavier reaction product. A few, very fine, long fibroblast-like processes lacking a basal lamina were also lightly immunoreactive.
At 21 dpo (n = 2) ( Fig. 1 lA-D) the GAP-43 labeling within the thalamic tissue abutting the graft was essentially similar to that at 11 dpo. Small and medium-sized nonmyelinated axons and some small dendritic and astrocytic processes were labeled. Many of the narrow astrocyte lamellae contributing to the gha limitans, which is extensive and more complex at this postoperative stage (see Campbell et al., 1992a) , were labeled. In contrast the GAP-43 labeling of the graft was substantially different from that seen at 1 l-12 dpo because large numbers of Schwann cell processes were now immunopositive.
( Fig. 1 IA-C) . Often entire processes, including some large ones, were filled with reaction product (Fig. 1 IB,C) and reaction product was also present in the perinuclear cytoplasm of many Schwann cells (Fig. 11A) . Fine, long, heavily immunostained Schwann cell processes often arising from larger more lightly immunostained processes were common within the Schwann cell columns (Fig.  11 B,C) . The narrow processes were generally labeled throughout their length. In many of the medium to large Schwann cell processes reaction product was concentrated in a rim under the plasbasal lamina (avrowhear/.s) and forms the glia limitans at the margin of the stab lesion (*). Similar small sprouts labeled with reaction product (some of which are arrowed) are seen in B, again beneath the basal lamina-covered astrocyte process (u) of the glia limitans bordering the graft (*). C shows an immunoreactive neuronal cell body in the thalamic parenchyma close to the graft. GAP-43 immunoreactive neural elements in the graft 21 d after implantation (A-D) and in the medial geniculate nucleus close to the graft 11 d after implantation (E, F). In A an immunoreactive Schwann cell displays patches of cytoplasmic reaction product (arrowheads).
In B a Schwann cell column containing several immunoreactive profiles one of which is a Schwann cell process (*) enwrapping an apparently unlabeled axon-like process (arrow) .
In C, another immunoreactive Schwann cell process (S) gives rise to a heavily labeled fine extension sandwiched between two apparently unlabeled Schwann cell processes (*). Close by are three immunoreactive axon-like profiles (arrows) .
In another Schwann cell column, illustrated in D, the immunoreactive structures (some of which are arrowed) seem all to be axons and the Schwann cell processes appear ma membrane (Fig. 11 C) . Many small and medium-size nonmyelinated axons were labeled homogeneously with reaction product (Fig. I lC,D) . The majority of axons were in Schwann cells columns but some labeled axons were outside Schwann cell columns dispersed amongst collagen fibers. Some putative astrocyte processes in the graft were also labeled.
Discussion
We show that (1) mechanical injury to the thalamus of the adult rat is a sufficient stimulus to elicit a modest and transient upregulation of GAP-43 expression in thalamic neurons ipsilateral to the lesion; (2) thalamic neurons with an established propensity to regenerate axons along peripheral nerve grafts, such as those of the TRN (Benfey et al., 1985; Morrow et al., 1993) and the region of and around the medial division of the MG (Morrow et al., 1993) , have a high capacity to upregulate GAP-43 after such a lesion; (3) after peripheral nerve implantation into the thalamus, the injury-induced GAP-43 response of TRN and other thalamic neurons is both enhanced and prolonged; (4) the neurons which express high levels of GAP-43 mRNA under these conditions are (at least predominantly) those that have axons regenerating along the grafts; (5) Schwann cells in the grafts and astrocytes of the thalamic parenchyma and of the glia limitans around the graft become GAP-43 immunopositive after graft implantation, although GAP-43 mRNA is detectable only in neurons and in graft Schwann cells. GAP-43mRNA and protein upregulation after simple lesion in the thalamus is short lasting (4-12 dpo), and might parallel an abortive sprouting response. Increased GAP-43 immunoreactivity has been described in other CNS regions after lesion (Ostreicher et al., 1988; Benowitz et al., 1990) , and has been associated with reactive synaptogenesis. In our experimental situation it is difficult to determine beyond doubt if the neurons with high levels of expression of GAP-43 are indeed axotomized neurons undergoing abortive regeneration or are intact neurons undergoing collateral or terminal sprouting. However, in favor of an upregulation restricted to lesioned neurons is the finding that GAP-43 positive neuronal cell bodies are mainly concentrated near the center of the lesion, and not at its periphery, suggesting that they belong to neurons axotomized close to the cell body, or in the portion of the TRN known to project to the injured area (Ohara and Lieberman, 1985; Mitrofanis and Guillery, 1993) , with larger numbers labeled in the case of a direct lesion of the TRN, when axonal damage is maximal.
Thalamic neurons appear to differ in their capacity to upregulate GAP-43 after lesion, suggesting that the molecular responses to injury and possibly the regenerative potential of different populations of thalamic neurons may be intrinsically different (Fawcett, 1992) . On the other hand after lesion of the CNS parenchyma there is local production of growth factors (Nieto-Sampedro et al., 1982) , including NGF, by neurons, astrocytes (Lu et al., 1991) , and possibly other cells migrating from leaky parenchymal blood vessels, which peaks around 7 dpo and decreases progressively thereafter. Thus growth factors might influence GAP-43 expression in lesioned thalamic neurons. In fact NGF can influence the phosphorylation and the intracellular localization of GAP-43 (van Hoff et al., 1989; Meiri t The Journal of Neuroscience, May 1995, 15(5) 3609 and Burdick, 1991) as well as expression of the GAP-43 gene (Federoff et al., 1988) . Moreover it has been shown in PC12 cells that GAP-43 antisense oligonucleotides can block NGF induced neurite outgrowth (Jap et al., 1992) , and that transfection of the human GAP-43 gene into PC12 cells enhances the action of NGF on neurite formation and elongation (Yankner et al., 1990) . Thus, neurons able to massively upregulate GAP-43 expression as a response to injury, might be more able to respond to NGF, or other growth factors, and stand a better chance of regenerating. However, the neurotrophic requirements of thalamic neurons, including TRN, are unknown. The GAP-43 response elicited by the presence of a nerve graft is qualitatively and quantitatively much stronger than after stab wounds in terms of duration, extent of neuronal cell body labeling, and numbers of GAP-43 positive sprouts. A possible explanation for these differences could be that the lesion made by graft insertion is substantially larger than a stab wound lesion and/or that the presence of the graft results in a continuous compressive action on the thalamic parenchyma. However, when a frozen killed graft (which does not support CNS axon regeneration) is implanted in the thalamus, the GAP-43 response is closer in intensity to that observed after stab wound lesion than to the response following implantation of a living nerve graft (Vaudano et al., 1992b) . Thus, thalamic neurons appear to be able to respond to a factor or factors produced by Schwann cells, such as growth factors (including NGF, BDNF and CNTF (Heumann et al., 1987; Meyer et al., 1992; Sendtner et al., 1992) or present on the surface of the Schwann cells such as cell adhesion molecules (Daniloff et al., 1986 ) and this factor (or factors) enhances and prolongs their injury-induced GAP-43 response.
Neurons which show upregulation of GAP-43 mRNA in the presence of a living peripheral nerve graft belong to the same thalamic nuclei (TRN and MG) whose neurons have a high capacity to regenerate their axons along such a growth permissive substrate (Benfey et al., 1985; Morrow et al., 1993) suggesting that the capacity to express high levels of GAP-43 might correlate with axonal growth potential. This correlation is enormously strengthened by our finding that retrograde cell body labeling from the distal graft and high levels of GAP-43 expression are coextensive in the TRN and that many of the neurons in such regions of TRN are unequivocally doubled labeled. Previous studies suggested a correlation between successful axonal regeneration and GAP-43 upregulation (Campbell et al., 1991; Doster et al., 1991; Tetzlaff et al., 1991) , but our findings provide the strongest evidence so far available that GAP-43 upregulation predisposes to, is closely correlated with, and may be necessary for, successful CNS axonal regeneration into peripheral nerve grafts.
Both after lesion and after peripheral nerve grafting the number and distribution of GAP-43 immunopositive neurons was much more restricted than that of neurons expressing high levels of GAP-43 mRNA. Immunopositive neurons were found only in the immediate vicinity of the mechanical lesion or of the graft tip (and in some regions of the caudal thalamus), and not in the TRN, despite the massive GAP-43 mRNA upregulation observed by in situ hybridization in these same neurons. A possible to be unlabeled. In E a lightly labeled large astrocyte process containing bundles of filaments (f) gives rise to a densely labeled fine finger-like or sheet-like protrusion (arrow). Similarly in F a long thin astrocyte process lying just below the glia limitans (arrowhea&) abutting an endothelial cell (e) of a small blood vessel, contains patches of reaction product (e.g., at arrows). Scale bars: A-C, E, and F,, 0.5 pm; D, 0.2 km. explanation of this discrepancy is that neurons of different thalamic nuclei export newly synthesized GAP-43 protein along their axons with different efficiencies, so that only in some neurons does perikaryal GAP-43 content reach immunohistochemically detectable levels. It is also possible that the immunopositive perikarya belong to dying neurons which have lost the capacity to export the protein. However, the fact that the immunopositive neurons were located in the same nuclei which contained neurons with high expression of GAP-43 mRNA, and that they were present in larger numbers after grafting than after simple lesion argues strongly against this possibility. We also cannot rule out completely the possibility that GAP-43 message is not translated into protein under all conditions and in all neurons; this would imply that GAP-43 levels are controlled by several factors acting at transcriptional, translational and posttranslational levels. After stab wound lesion GAP-43 immunopositive neuronal cell bodies and neurons expressing high levels of GAP-43 mRNA were found at around the same short survival times (4-12 dpo), whereas after peripheral nerve grafting neurons containing GAP-43 mRNA were found up to 30 dpo and possibly beyond (not examined), although immunopositive perikarya were visualized only between 9 and 12 dpo. Such a result agrees with observations that immunohistochemically detectable levels of GAP-43 protein are found only in cell bodies of neurons growing in vitro at short intervals after plating, before they start to elaborate neurites at which time the protein is exported along the neurites and becomes undetectable in the perikaryon (Meiri et al., 1988) .
In our experimental situation we found GAP-43 not only in neurons but also in peripheral and central glia. In Schwann cells, GAP-43 immunoproduct was first observed at lo-12 dpo with a peak at l-2 months after graft insertion; later GAP-43 immunoreactivity in Schwann cells decreased in a similar manner to that observed by Curtis et al. (1992) in distal stumps of chronically denervated cut peripheral nerves. GAP-43 reaction product was particularly dense in the narrowest and thinnest Schwann cell processes, that is, in those areas likely to undergo the most rapid changes of shape, suggesting an involvement of GAP-43 in the remodeling of fine Schwann cells processes. In fact Schwann cells expressing high levels of GAP-43 mRNA and GAP-43 immunoreactivity and with a very complex morphology, are found in denervated motor endplates; when reinnervation occurs the elaborate processes and the GAP-43 expression are both lost . In the longest surviving grafts (6 months) GAP-43 immunoreactivity of Schwann cells was much lower than in shorter survival grafts. In such long-term grafts there is fibrosis with collagen accumulation and a reduction in Schwann cell number; we agree with Curtis et al. (1992) that GAP-43 expression in Schwann cells does not depend only on axonal signals but also on other variables such as cell density. GAP-43 immunoproduct was also visualized in small and narrow astrocytic processes, but astrocytes were not found to contain detectable amounts of GAP-43 mRNA. GAP-43 immunoreactivity has been described in astrocytes in vitro (Vitkovic et al., 1988) , but not in quiescent or reactive astrocytes in vivo (Curtis et al., 1991) . Such a discrepancy with our result may be due to the fact that Curtis et al. (1991) examined their material with immunofluorescence and at light microscope level only, whereas we used the more sensitive avidin-biotin-peroxidase method for immunostaining and examined our material at the electron microscopic level. The fact that we did not find evidence for expression at detectable levels of GAP-43 mRNA in astrocytes might demonstrate its low levels in such cells or might indicate that the GAP-43 protein detected in the astrocytic processes had been taken up from neurons.
In conclusion we demonstrated that certain thalamic neurons upregulate GAP-43 protein and mRNA as a response to mechanical injury, and that thalamic neurons can respond to the presence of a peripheral nerve autograft by enhancing and prolonging their GAP-43 response. The thalamic neurons which show the greatest upregulation of GAP-43 mRNA and protein in response to mechanical injury and peripheral nerve implantation correspond to those populations of thalamic neurons (TRN and a region adjacent to the MG nucleus) which show the greatest propensity to regenerate their axons along such peripheral nerve grafts (Benfey et al., 1985; Morrow et al., 1993) , and indeed some of the TRN neurons displaying high levels of GAP-43 mRNA have axons that have regenerated over long distances into the graft. These findings strongly suggest a specific role for GAP-43 in the regenerative axonal growth of injured CNS neurons.
